Laser wakefield accelerators can produce electric fields of order 10-100 GV/ m, suitable for acceleration of electrons to relativistic energies. The wakefields are excited by a relativistically intense laser pulse propagating through a plasma and have a phase velocity determined by the group velocity of the light pulse. Two important effects that can limit the acceleration distance and hence the net energy gain obtained by an electron are diffraction of the drive laser pulse and particle-wake dephasing. Diffraction of a focused ultrashort laser pulse can be overcome by using preformed plasma channels. The dephasing limit can be increased by operating at a lower plasma density, since this results in an increase in the laser group velocity. Here we present detailed results on the generation of GeV-class electron beams using an intense femtosecond laser beam and a 3.3 cm long preformed discharge-based plasma channel ͓W. P. Leemans et al., Nature Physics 2, 696 ͑2006͔͒. The use of a discharge-based waveguide permitted operation at an order of magnitude lower density and 15 times longer distance than in previous experiments that relied on laser preformed plasma channels. Laser pulses with peak power ranging from 10-40 TW were guided over more than 20 Rayleigh ranges and high quality electron beams with energy up to 1 GeV were obtained by channeling a 40 TW peak power laser pulse. The dependence of the electron beam characteristics on capillary properties, plasma density, and laser parameters are discussed.
I. INTRODUCTION
Over the past decade, acceleration gradients in the tens to hundreds GV/ m have been generated in laser wakefield accelerator ͑LWFA͒ experiments, [1] [2] [3] [4] [5] [6] [7] which are three orders of magnitude higher than in conventional linacs. Although it is straightforward to achieve such high acceleration gradients in laser wakefield accelerators, 8, 9 the electron beams ͑e-beams͒ from such accelerators had 100% energy spread until 2004, when the production of high quality e-beams ͑i.e., low energy spread͒ was reported. [10] [11] [12] To obtain the monoenergetic bunches, two groups used relatively large laser spot sizes. 10, 12 This effectively increases the diffraction ͑or Rayleigh͒ range, Z R of the laser beam, permitting propagation over distances on the order of the gas jet length. For example, experiments performed at Rutherford Appleton Laboratory by Mangles et al. employed a 16 TW, 40 fs laser pulse focused ͑2.5ϫ 10 18 W/cm 2 ͒ on the plume of a gas jet with a plasma density of 2 ϫ 10 19 cm −3 . A narrow energy spread bunch was observed at 78± 2 MeV with 20 pC of charge. 10 Experiments performed at Laboratoire d'Optique Appliquée ͑LOA͒ by Faure et al. used a 30 TW, 33 fs laser pulse focused ͓21 m spot size in full width at halfmaximum ͑FWHM͒ 3.2ϫ 10 18 W/cm 2 ͔ on the plume of a gas jet with a plasma density of 6 ϫ 10 18 cm −3 . A narrow energy spread bunch was observed at 170± 20 MeV with 500± 200 pC of charge. 12 The Lawrence Berkeley National Laboratory ͑LBNL͒ experiments 11 used a 9 TW, 55 fs laser pulse focused to a relatively tight spot size ͑8.5 m FWHM͒. To mitigate the short Z R of the beam, a 2 mm long laser produced preformed plasma channel was used to guide the laser beam through the gas jet. The driving laser beam generated 85 MeV e-beams containing 0.3 nC bunch charge, with only 9 TW of laser peak power. 11, 13, 14 The importance of the accelerator length, and how to extend it, have been discussed extensively. As an example, during the 1995 Kardamyli Workshop on second generation plasma-based accelerators, design studies for a 1 GeV LWFA were carried out in the laser guiding and acceleration working group. 15 The main conclusion of the study was that extending the propagation of a laser pulse beyond Z R , up to the dephasing distance, was an essential element of a future LWFA. Much higher net energy gains can be realized for the same amount of input laser power by extending the acceleration distance beyond Z R . Guiding concepts relying on the use of preformed plasma channels have been pursued by several groups around the world. 14, [16] [17] [18] [19] [20] [21] [22] [23] The plasma channels in the LBNL experiments 11 were produced using the ignitor-heater concept 17 to guide laser pulses with relativistic intensities ͑Ͼ10 18 W/cm 2 ͒ 11 that are relevant for particle acceleration over many Z R . The method relied on rapidly heating a laserionized filament using inverse bremsstrahlung heating with a 200-300 ps, 0.1 J level laser pulse. Since the heating efficiency scales with the square of the plasma density, high plasma densities are required ͑ജ10 19 cm −3 ͒. This limits the group velocity of the laser pulse and the phase velocity of the plasma wake and hence the maximum achievable electron beam energy.
The dephasing length over which electrons outrun the wake and slip into the decelerating phase is determined by the group velocity of the laser, and limits the distance over which acceleration occurs. The linear dephasing length 9,13 is given by L deph = p 3 / 2 ϰ n p −3/2 , where p is the plasma wavelength, the laser wavelength, and n p the plasma density. The linear depletion length 9 over which the laser loses energy to the plasma wave also scales as L dep ϳ a 0 −2 p 3 / 2 ϰ n p −3/2 , and for laser intensities such that a 0 ϳ 1, these length scales are approximately equal. For relativistic laser intensities a 0 ϳ 1, the accelerating electric field of the plasma wave is on the order of E 0 = mc p / e ϰ n p 1/2 . Therefore, the energy gain over a dephasing ͑or depletion͒ length scales as W ϰ 1/n p . This scaling law indicates that to achieve higher energy particle beams requires lower density plasmas ͑and longer plasma channels͒, which motivates the use of capillary discharge waveguides in the present work.
To circumvent the density limitation imposed by the ignitor-heater method and allow the production of multicentimeter-scale plasma channels, we have employed a gas-filled capillary discharge waveguide 20, 24 to guide relativistically intense laser pulses in centimeter-scale, lower density plasma channels. In this paper we discuss the recently reported generation of GeV-class electron beams using these hydrogen filled capillary discharge-based plasma channels. 25 
II. EXPERIMENTAL SETUP
The experiments used the short pulse, high peak power, and high repetition rate Ti: Al 2 O 3 laser system 26 of the LOASIS facility at LBNL. Low energy laser pulses ͑of wavelength Ӎ 0.8 m͒ from a Ti: Al 2 O 3 laser oscillator were first temporally stretched, amplified to approximately 3.5 J/pulse, and then compressed using a grating-based optical compressor. Following compression, the laser beam was focused by an f / 25 off-axis paraboloid of 200 cm focal length to a spot size w 0 =25 m at the entrance of a capillary discharge waveguide. The layout of the experiment is shown in Fig. 1 . The peak power P of the laser was varied by adjusting both the pulse duration and laser energy. At full energy and optimum compression ͑37 fs FWHM duration͒, P Ӎ 40 TW, resulting in a calculated peak intensity I =2P / r s 2 Ӎ 4 ϫ 10 18 W/cm 2 and a normalized vector potential a 0 Ӎ 8.6ϫ 10 −10 ͑ ͓m͔͒͑I 1/2 ͓W/cm 2 ͔͒ Ӎ 1.4. The capillaries were laser machined into 33 mm long sapphire blocks with diameters ranging from 190 to 310 m. Hydrogen gas, introduced through holes near the capillary ends, was ionized by striking a discharge between electrodes FIG. 1. ͑Color͒ Schematic diagram of the capillary-guided laser wakefield accelerator. The plasma channel was formed in a hydrogen-filled capillary discharge waveguide ͑see inset͒. Hydrogen gas was introduced into the capillary waveguide using two gas slots in the 190 and 225 m diameter capillaries and three in the 310 m capillary. A discharge was struck between two electrodes located at each end of the waveguide, using a high voltage pulsed power supply that utilized a 2.7 nF capacitor charged to 20 kV. The laser beam was focused onto the entrance of the capillary using an f / 25 off-axis parabola ͑OAP͒. The guiding efficiency was measured using a pair of optical diodes ͑Diodes 1 and 2͒ that monitored the amount of laser energy at the entrance and exit of the capillary. The laser beam exiting the capillary was monitored on a 12 bit CCD camera ͑20 m resolution͒, after having been attenuated with a pair of reflective wedges and optical attenuators ͑not shown͒. The e-beam was analyzed using an integrating current transformer ͑ICT͒ and a 1.2 T broadband magnetic spectrometer ͑energy range of 0.03-0.15 and 0.175-1.1 GeV in a single shot͒. The e-beam was deflected downward and detected using phosphor screens imaged onto four synchronously triggered CCD cameras ͑not shown͒. located at each end of the capillary. Measurements 20, 27 and modeling 28, 29 showed that a fully ionized, approximately parabolic channel is formed. This is also confirmed by the absence of significant ionization induced blueshifting of the laser spectrum when proper guiding conditions are achieved. Previous experiments 24 demonstrated channeling of nonrelativistically intense laser pulses with I Շ 10 17 W/cm 2 in 30-50 mm long capillaries, which did not generate electron beams.
The electron magnetic spectrometer utilized a round pole magnet, with an effective radius of 19.5 cm and a peak field strength of 1.2 T. The magnet deflected the electrons vertically downward onto two phosphor screens mounted on the exit flanges of the vacuum chamber. Four synchronously triggered 12-bit charge-coupled device ͑CCD͒ cameras imaged a 75 cm long ͑bottom͒ and a 45 cm long ͑forward͒ phosphor screen, allowing simultaneous single-shot measurement of electrons from 0.03 to 0.15 GeV ͑bottom͒ and 0.17 to 1.1 GeV ͑forward͒. The electron beam divergence and energy spread were calculated from the spectral data assuming an axisymmetric electron beam profile ͑i.e., equal horizontal and vertical divergence͒, and by using the imaging properties of the magnetic spectrometer, which were calculated using a second-order electron transport model 30 and the measured magnetic field map. The electron beam divergence was determined from the e-beam size in the horizontal plane, taking into account the transverse defocusing properties of the magnet. Under the assumption of an axisymmetric beam, the intrinsic resolution of the spectrometer at a specific monoenergetic energy, i.e., ␦E mono , can then be calculated for a given beam divergence. The real energy spread of an electron beam ␦E beam is then calculated by deconvolving the effect of finite divergence from the measured e-beam profile
Due to the finite angular acceptance of the system, the spectrometer has an intrinsic error bar in the determination of the absolute energy value. Shown in Fig. 2 is the calculated screen position as a function of the incident electron energy for electrons propagating along the axis ͑0°͒ or at angles of ±0.25°and ±0.5°in the vertical plane. For example, one can see that if a 0.94 GeV electron beam enters the spectrometer with an incident angle of 0.25°, it would be measured as a 1.0 GeV beam. To evaluate the error bar, the angular fluctuation of the beam was statistically analyzed from the position of the beam in the horizontal plane and found to be 0.21°r ms. With assumption of symmetric behavior in both planes, the error bars on 1.0 and 0.5 GeV are shown in Fig. 2 and are ͑+0.058, −0.052͒ and ͑+0.026, −0.024͒, respectively. The bunch charge was obtained from the intensity on the phosphor screen, that was cross-calibrated against an integrating current transformer.
III. GUIDING AND ELECTRON BEAM GENERATION
The relativistic electron beam generation via capillary discharge guided laser wakefield acceleration was experimentally studied by making use of 33 mm long capillaries with diameters of 190, 225, and 310 m. The results were analyzed against the delay between the onset of the discharge current and the arrival of the laser beam, plasma density, laser energy, and laser intensity. In the following, the term density means the estimated axial electron density from the measured hydrogen gas pressure inside of the capillary using the scaling law in Ref. 27 . The parameters of the generated electron beams were found to be sensitive and exhibited a complicated interdependence on all these parameters. Timing jitter between discharge and laser arrival, pointing fluctuations, and laser power fluctuations were significant for this first generation of experiments. By taking advantage of the high repetition rate experimental system, data sets containing several thousands shots were taken for each capillary and analysis software was developed to find and sort shots with similar parameters, allowing for a statistical evaluation of the overall performance.
Guiding was optimized by adjusting the initial gas density and the delay between onset of the discharge current and arrival of the laser pulse ͓see Fig. 3͑a͔͒ . The measured discharge current was reproducible within shot-to-shot fluctuations of a few percent, and had periodic ripples on its profile as shown in Fig. 3͑a͒ . The laser beam transmission correlated with discharge current ͓Fig. 3͑a͔͒ and, for low power ͑Ͻ5 TW͒, transmission was above 90% for densities ranging from 1.0 to 4.0ϫ 10 18 cm −3 in a ϳ100 ns timing window. Note that the jitter between the arrival time of a laser and the discharge current is not an intrinsic problem of the waveguide, because the ϳ100 ns timing window is far larger than the jitter in the system, which is a few nanoseconds. Figures  3͑b͒ and 3͑c͒ show laser beam profiles at the waveguide entrance and exit for 40 TW laser pulses with an input intensity ϳ10
18 W/cm 2 and a plasma density of Ӎ2.7 ϫ 10 18 cm −3 . This intensity is sufficiently high for largeamplitude wake generation, self-trapping, and high-gradient electron acceleration as observed in the experiment ͑see below͒. The guiding performance was highly sensitive to input beam alignment with 15 m displacement away from the optimum location ͑based on quality of guided beam͒ result- 
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The threshold laser intensity for self-electron injection into a plasma wakefield was explored by changing laser pulse duration via the tuning of the inter-grating distance in the optical compressor, and laser energy via adjustment of the 532 nm Nd:YAG pumping power of the main amplifier system. Focal position changes when adjusting the level of pumping power on the cryogenically cooled amplifier crystal were found to be negligible ͑Ͻ0.1 Z R ͒ and no spot size changes were observed.
To evaluate the dependence of the injection process on laser pulse energy, shots containing electron beams with energy higher than 30 MeV ͑the lowest energy accepted in the single-shot magnetic spectrometer at full magnetic field strength͒ were studied. For the 190 m diameter capillary, the threshold intensity was found to be a 0 Ӎ 0.75 with 0.7 J energy laser and resulted in the generation of electron beams at 300 MeV containing a few picocoulombs of charge. For a 0 Ӎ 0.47 with 0.9 J energy laser, generation of broad energy spectrum electron beams up to 400 MeV was observed. In case of the 225 m capillary, the threshold intensity was found to be a 0 Ӎ 0.68 and did not exhibit any dependence on laser energy from 0.9 to 1.3 J. No beam generation occurred with lower energy laser beams. The 310 m diameter capillary required high power operation ͑Ͼ1.3 J/pulse͒ to generate any energetic electron beams. The injection threshold intensity was found to be a 0 Ӎ 1.4, which corresponds to 35 TW laser power for a pulse duration of 38 fs. The threshold intensities should be regarded as tentative since experiments were not performed with identical parameters ͑density and delay͒ for different capillaries. Nevertheless, a comparison of the threshold intensities from available data suggests that the threshold laser intensity is lower for smaller capillaries. The electron beam divergence was also found to depend on capillary diameter. Larger divergence beams were observed from the smaller diameter capillary. From those observations, a possible scenario may be either or both of the following: ͑a͒ the fact that the plasma channel has a smaller matched spot for smaller diameter 27 influences on the propagation of the laser pulse, which affects injection, and ͑b͒ transverse wakefields play a key role in self injection and e-beam properties in the capillary-guided LWFA ͑narrower channels result in larger transverse density gradients and larger transverse wakefields͒.
The performance of the accelerator was also found to be sensitive to the timing between discharge current and laser beam, consistent with the observed dependence of the guiding properties on the laser-discharge timing discussed above. Shown in Fig. 4 is the probability of observing electron beams above 30 MeV as a function of the delay. Here, 100% FIG. 3 . ͑Color͒ Capillary transmission at 5 TW peak input power versus time of arrival of the laser pulse after the onset of the discharge, and mode profiles of the input and output laser beam at 40 TW peak power. The averaged discharge current ͑red solid line, right axis͒ and laser pulse energy transmission ͑green dots, left axis͒ vs arrival time of the laser at the capillary for laser pulses Ͻ5 TW are shown in ͑a͒. The blue dotted curve is generated by averaging over five adjacent measured points. The transverse spatial profiles of laser pulses with an input peak power of 40 TW at the entrance and exit of the 3.3 cm long gas-filled capillary discharge waveguide ͑190 m diameter͒ are shown in ͑b͒ and ͑c͒, respectively. The blue ͑red͒ curve is the horizontal ͑vertical͒ lineout. The horizontal and vertical spot sizes at the entrance were r sx =25 m and r sy =27 m, respectively, and r sx =31 m and r sy =34 m at the exit. The plasma density was Ӎ2.7 ϫ 10 18 cm −3 . The 20% increase in spot size at the exit may be caused by imperfect mode matching or self focusing. The energy transmission at this laser power was about 65%. Combined with the increase in laser spot size this results in a decrease in laser peak fluence from 1.3ϫ 10 5 J/cm 2 to 0.5 ϫ 10 5 J/cm 2 . Assuming that the laser pulse duration remains constant between entrance and exit of the capillary, the peak intensity of the laser was reduced from 3 to 1. injection means that the beam was always observed with those parameters. For the 190 m diameter capillary, the timing was scanned from 25 to 140 ns with a density of Ӎ3.0ϫ 10 18 cm −3 and Ӎ0.9 J, ϳ45 fs laser beam. The injection probability clearly follows the discharge current profile. Note that the probability also depends on the laser parameters and plasma density. It can be tuned to achieve 100% injection. For the 225 m diameter capillary, the timing was scanned from 45 to 270 ns with a density of Ӎ3.0 ϫ 10 18 cm −3 and Ӎ1.5 J, Ӎ40 fs laser. At the beginning of the discharge current profile, 100% injection was obtained and injection terminated with the end of the discharge. Unlike the 190 m diameter capillary, it did not follow the ripples on the current, but still showed some temporal structure. The 310 m diameter capillary case with a density of Ӎ4.1ϫ 10 18 cm −3 and Ӎ1.7 J in a Ӎ40 fs duration laser pulse is shown as well. Though it is not as clear as the 190 m diameter capillary case, the injection probability for the 310 m capillary weakly follows the temporal structure of the discharge current, having the maximum probability on top of the second ripple and less injection at the local minimums of the current profiles. Those features are consistent with the timing structure in the low power guiding performance shown in Fig. 3 , where the guiding performance was shown to follow the discharge-current ripples as well.
The dependence of the probability of injection on plasma density was experimentally studied by changing the backing pressure of the hydrogen feed line. For the 190 m diameter capillary, the plasma density was scanned from 2.7 to 3.8 ϫ 10
18 cm −3 with a 0.7 J, Ӎ43 fs laser. The injection probabilities, averaged over delays between 60 and 100 ns, were Ӎ70% and did not show significant dependence on the plasma density. For the 225 m diameter capillary, the plasma density was scanned from 3.0 to 3.8ϫ 10 18 cm −3 with a 1.1 J, Ӎ41 fs laser. The injection probability, averaged over delays between 100 and 200 ns, was Ӎ50% with a density of 3.0ϫ 10 18 cm −3 and increased linearly to Ӎ80% with a density of 3.8ϫ 10 18 cm −3 . For the 310 m diameter capillary, the plasma density was scanned from 4.1 to 4.9 ϫ 10 18 cm −3 with a 1.5 J, Ӎ40 fs laser. The injection probability, averaged over delays between 100 and 250 ns, was Ӎ5% with a density of 4.1ϫ 10 18 cm −3 and increased linearly to Ӎ80% with a density of 4.9ϫ 10 18 cm −3 . Note that no electron beams were observed for densities below 4.1 ϫ 10 18 cm −3 . The probability of injection showed strong dependence on the plasma density and suggests that selfmodulation of the laser pulse may be responsible for the injection. Through the analysis, the timing dependence were averaged to extract density dependence. Note that by tuning the timing and the density, 100% injection can be performed with all capillaries for the above laser parameters.
The reproducible generation of a 0.5 GeV beam with 225 m diameter capillary was reported previously. 25 With Ӎ12 TW laser power, every laser shot resulted in an e-beam at 0.48 GeV ±6% and a rms spread Ӎ5%. A typical singleshot e-beam spectrum in the stable 0.5 GeV regime is shown in Fig. 5 . As stated above, from the energy integrated vertical profile that is shown in Fig. 5͑c͒ , the beam divergence was calculated and used to de-convolve the finite beam effect from space-integrated energy spread, which is shown in Fig.   FIG. 5 . ͑Color͒ Typical single-shot e-beam spectrum from the stable 0.5 GeV regime of 225 m diameter capillary-guided accelerator with a density of Ӎ3.5ϫ 10 18 cm −3 and input laser power of 12 TW. ͑a͒ Image of the electron beam in pC/ GeV/ steradian ͑SR͒, with the energy in horizontal axis and the nondeflected plane in vertical axis. ͑b͒ The space-integrated spectrum of the beam in pC/ GeV. ͑c͒ Energy-integrated spatial profile of the beam in pC/ mrad. The total charge was Ӎ50 pC, and the beam divergence was 2.0 mrad ͑rms͒. Under the assumption of a symmetric beam profile, the energy spread of the beam was estimated to be 5.6% ͑rms͒ with resolution of 1.1% ͑rms͒. The horizontal error bar in ͑b͒ ͑+0.056, −0.055͒ comes from the convolution of the uncertainty in the energy ͑+0.026, −0.024, see 
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5͑b͒. The energy spread of the beam in Fig. 5 is 5.6% rms. The electron beam parameters, namely, beam energy and its spread and beam total charge, were found to be sensitive to the discharge-laser timing and laser energy ͑power͒. Shown in Fig. 6 are the beam peak energy and total charge versus the timing and the normalized vector potential a 0 . Also shown in Fig. 6 is the image of a typical electron beam out of the stable parameter regime. The laser pulse duration was kept at 70ϳ 80 fs, and the difference of the intensity comes from varying the laser energy, which was 0.9 J with ±10% fluctuation. From the timing dependence, one can see that the beam energy was high and beam charge was low at Ӎ150 ns. When the timing was not in this regime, the resultant electron beams had broad energy spread and contained higher charge than the monoenergetic beams, as shown in Fig. 6͑c͒ , where relatively large energy spread Ӎ400 pC beams were FIG. 7 . ͑Color͒ Single-shot e-beam spectrum from a 310 m diameter capillary-guided accelerator with a density of 4.3ϫ 10 18 cm −3 and input laser power of 40 TW. ͑a͒ Image of the electron beam in pC/ GeV/ SR, with the energy in horizontal axis and the nondeflected plane in vertical axis. ͑b͒ The space-integrated spectrum of the beam in pC/ GeV. ͑c͒ Energy-integrated spatial profile of the beam in pC/ mrad. The total charge was Ӎ30 pC, and the beam divergence was 1.6 mrad ͑rms͒. Under the assumption of a symmetric beam profile, the energy spread of the beam was estimated to be 2.5% ͑rms͒ with resolution of 2.4% ͑rms͒. The horizontal error bar in ͑b͒ comes from the uncertainty in the energy ͑+0.058, −0.052; see Fig. 2͒ . The vertical error bar in ͑b͒ is due to the uncertainty in calibration of the phosphor screen as a charge monitor ͑±17% ͒. A second beam at 0.8 GeV is also visible in ͑a͒.
FIG. 6.
͑Color͒ Peak beam energy and total charge versus the laser-discharge timing ͑a͒ and the normalized vector potential ͑b͒, and a typical electron beam spectrum outside of the proper parameter regime for stable 0.5 GeV generation ͑c͒. The e-beam in ͑c͒ contained Ӎ400 pC of charge, the laser-discharge timing was 162 ns, and a 0 = 0.85.
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observed for a delay of ϳ160 ns and a 0 = 0.85. The laser beam intensity dependence shows that Ӎ0.5 GeV electron beams containing tens of picocoulombs were generated with laser power below a 0 Ӎ 0.78. Above that laser intensity, electron beam energy starts to decrease while total charge of the beam increases, consistent with the higher amount of charge resulting in beam loading. 13, 32 Electron beams with energies of 1 GeV were obtained in a 310 m diameter channel capillary for P = 40 TW and a density of 4.3ϫ 10 18 cm −3 . The single-shot e-beam spectrum with the space-integrated energy profile and energyintegrated spatial profile is shown in Fig. 7 . Using the previously stated method, the energy spread was found to be 2.5% ͑2.4% resolution͒ rms. Note that the measurement was resolution limited and as such the energy spread might have been smaller. A spatially displaced second beam is visible at Ӎ0.8 GeV. Various mechanisms such as hosing, 33 beam loading, 13, 32 or dephasing may be responsible for the generation of the second beam. Multibunch features of this type were also observed in experiments with the other capillaries, and in numerical simulations owing to trapping of a second electron bunch in a wake bucket behind the first. 13, 32 Electron beams were observed neither for lower laser power ͑Ͻ38 TW͒ nor lower plasma density ͑ഛ4.0ϫ 10 18 cm −3 ͒. The operation of this larger diameter capillary was not as stable as the others ͑190 and 225 m capillaries͒, probably due to ͑a͒ a greater difference between the spot size of the input laser beam and the matched spot size of the plasma channel, ͑b͒ weaker transverse variation of the plasma density leading to a reduction in transverse wavebreaking, and ͑c͒ the significance of small variations in the laser plasma parameters for this high power regime. 13 The generation of 1.0 GeV electron beam from 310 m diameter capillary demonstrates the possibility of a compact GeV accelerator based on a few J / pulse class Ti:sapphire laser system. The problem of stability may be overcome by a complete exploration of the parameter regime or controlled particle injection via laser triggering [34] [35] [36] [37] or density ramp control. 38 From simple scaling laws one can estimate ͑assuming a 0 ϳ 1͒ the energy gain as W ϳ E 0 L deph ϳ͑mc p / e͒͑ p 3 / ͒ Ϸ 1 GeV and linear dephasing length as L deph Ϸ 1 cm for n p =4ϫ 10 18 cm −3 . Although this simple dimensional analysis yields the correct order of magnitude estimates for the accelerator length and energy gain, a more accurate estimation of the energy gain would require the full plasma channel properties, the effects of laser pulse evolution, instabilities, self-focusing, and e-beam loading on the plasma wake. For example, simulations indicate that pulse evolution is essential to the trapping and acceleration process. As the pulse propagates, it self-modulates and steepens such that the plasma electrons are completely blown out from the region of the axis ͑cavitation or bubble regime 39 ͒, at which point electrons are self-trapped and accelerated from the background plasma, in a manner similar to that described in previous experiments on high quality beam production at the 100 MeV level.
11,13
IV. SUMMARY AND CONCLUSIONS
We have demonstrated the production of high quality electron beams up to 1 GeV from a centimeter-scale accelerator. This is the highest beam energy yet reported for a laser-driven accelerator, and the shortest accelerator of any type to accelerate electrons from rest to GeV energies. This was enabled by gas-filled capillary discharge waveguides that channeled relativistically intense laser pulses over several centimeters of sufficiently low density plasma.
The performance of the capillary discharge channel guided accelerator was found to depend on capillary diameter, plasma density, laser-discharge timing, and laser pulse energy and peak power. Regimes in parameter space were found where reproducible self-trapped electron beams were generated with energy around 0.5 GeV.
The short wavelength of the plasma accelerating structure results in femtosecond duration bunches ͑Ͼ10 kA peak current͒, that are well suited for driving pulsed radiation sources. This offers the prospect of novel, compact, and intrinsically synchronized sources of femtosecond electron pulses and radiation tunable from x-ray [40] [41] [42] to THz frequencies, [43] [44] [45] as needed for pump-probe measurements in the basic and applied sciences. The GeV beams pave the way for compact femtosecond free electron lasers producing keV x rays using existing centimeter-scale period undulators, which was not possible with 100 MeV-class beams. Furthermore, it is anticipated that longer accelerating structures can be made by staging capillary discharge waveguides, 36 thereby opening a path of compact accelerators beyond the multi-GeV level for applications in high energy physics.
